I. INTRODUCTION
The physics of warm dense matter (WDM), a state of matter between condensed matter and plasma, has yet to be adequately described by theory or simulation and has only been studied on a limited basis in the laboratory. WDM is typically defined as having densities of 0.1 < ρ < 10 times solid density and temperatures of 0.1 < T < 10 eV. In nature, such a state can be found, for instance, in the interior of a gas giant planet. In the laboratory, WDM can be created, at least transiently, via highpowered beam or laser interactions with a solid target.
At the Dual-Axis Radiographic Hydrodynamic Test (DARHT) facility, two inductive linear electron accelerators, with beam energies up to about 20 MeV and beam currents up to about 3 kA, are used as sources for high-powered x-ray radiography. DARHT Axis I can generate a single beam pulse <100 ns wide, while DARHT Axis II can generate up to four such pulses within 2 μs. Each pulse strikes a converter target, a material that absorbs the beam energy and emits highenergy x-ray bremsstrahlung that is then used for imaging hydrodynamic tests. WDM forms when the beam deposits its energy in the target and begins to rapidly expand outwards. On Axis II, subsequent beam pulses are no longer striking a simple solid object but rather some mixture of solid, WDM, and plasma material. This in turn 978-1-4799-8403-9/15/$31.00 ©2015 IEEE can have a large impact on the radiographic performance as the x-ray dose and spot size, of the target during these later pulses.
Currently, the evolution of the converter target material from one pulse to the next has been studied using computer simulations, as described in Section II. However, very little experimental data exist to validate or constrain these simulations. Of primary interest is the density profile of the target solid/WDM/plasma, which would both greatly constrain the simulations and provide the data needed to accurately calculate radiographic performance directly. The validated code could then be used to more accurately predict the performance of new converter target designs, particularly for new radiographic facilities, such as for the newly begun Enhanced Capabilities for Subcritical Experiments (ECSE) program.
While x-ray attenuation measurement can and will be used to directly measure the evolving density profile of the converter target material, attenuation measurements have a limited dynamic range of detectible densities. The density profile from the fast-moving, low-density plasma plumes rapidly expanding from the target to the soliddensity WDM at the target surface is needed to understand radiographic performance. An alternative to attenuation measurements is phase contrast imaging. This method measures changes in the index of refraction, which depends directly on electron density. In recent years, a new diagnostic, a Talbot-Lau moiré deflectometer, has been developed, primarily by the medical community, for imaging static objects [1] . This diagnostic is described in more detail in Section III. The new WDM density diagnostic extends this technology, employing flash x-ray tubes and fast gated cameras to measure density gradient profiles in a fast-evolving system. This newly proposed diagnostic is described in Section IV.
II. DARHT BEAM-TARGET SIMULATIONS
Currently, the energy deposited into conversion targets by DARHT electron beam pulses, the resulting x-ray bremsstrahlung radiation, and the subsequent evolution of the target material are studied via computer simulation. These simulations are performed using two different codes: the Monte Carlo transport code MCNP and the hydrodynamic code LASNEX. First, MCNP is used to calculate the distribution of the energy deposited into the target. This includes a detailed electron-beam source model with emittance: a typical DARHT Axis I beam emittance is ε n = 1500π mm mrad with a beam radius of σ x = 0.32 mm. MCNP then calculates the radiographic dose, spot size, and spectrum of the resulting x-ray bremsstrahlung. MCNP assumes that the target material mass distribution is stationary. This information is then fed into LASNEX using a ramped energy-source model, which then calculates the dynamic mass motion and equation of state parameters. These parameters can then be compared to experimental measurements, and the new mass distribution can then be fed back into MCNP for the next beam pulse. Fig. 1 shows a sample result from these MCNP+LASNEX simulations: the evolution of a 100 μm thick tantalum (Z = 73, ρ = 16.65 g/cm 3 ) foil target following a DARHT Axis I beam pulse. The simulations used a 25 μm cell size and assumed a 19.8 MeV beam energy and a 2.9 kA beam current. The beam pulse was 100 ns long with a 60 ns flattop at peak current. These simulations show that at 500 ns, around the time when the second pulse would arrive on a multi-pulse machine, the middle of the conversion target has expanded into a spherical shell of material with strong density gradients and a diameter of about 1.5 mm. If true, a pulse at this time would be expected to have radiographic quantities quite different from the previous pulse. It should also be noted that these simulations do not currently include plasma effects that may alter the behavior of the lowdensity plasma plumes expanding outward from the conversion target. To better understand the behavior of these plumes, we are exploring the particle-in-cell code LSP.
III. TALBOT-LAU MOIRÉ DEFLECTOMETRY
The x-ray Talbot-Lau moiré deflectometer consists of three transmission gratings with equal, micron-scale slit spacing [1] . The basic principle of the instrument is that coherent, monochromatic light passing through a diffraction grating forms images of the grating at periodic distances. This is referred to as the Talbot effect, and the images are formed at multiples of the Talbot length z 0 = 2d 2 /λ, where d is the slit spacing and λ is the x-ray wavelength. When an object is placed in front of (or behind) the grating, x-rays deflected by the changing index of refraction create fringe shifts in the image. We refer to this phase grating as the beam splitter, or G1, as shown in Fig. 2 .
In the absence of a monochromatic, coherent light source, the Lau effect can be relied upon to simulate such a source while using a polychromatic, incoherent source [2] . An absorption grating with the same slit spacing as G0, referred to as the source grating or G0, is placed in front of the x-ray source. Each slit of G1 can be thought of as an individual, coherent light source. When placed a Talbot length z 0 (λ) in front of G1, each slit of G1 sees a coherent source of wavelength λ due to constructive interference, as shown in Fig. 3 . With the source grating, it is thus possible to do dynamic x-ray phase contrast imaging in a small lab setting using a flash x-ray tube.
Finally, another absorption grating, referred to as the analyzer or G2 grating, allows micron-scale fringes to be imaged with a standard camera. The G2 grating also has the same slit spacing as the G0 and G1 gratings and is placed a Talbot length after G1. The grating is rotated about the optical axis by a small angle θ, creating a moiré pattern on the detector. These moiré fringes have a period p ~ d/θ >> g. The angle θ can thus be chosen to optimize spatial resolution on the detector.
Figure 2.
A depiction of a Talbot-Lau moiré deflectometer constructed from three x-ray transmission gratings: the source grating G0, the beam-splitter grating G1, and the analyzer grating G2. Figure 3 . A depiction of the Lau effect, where for a given wavelength λ, coherent light from slits along G0 constructively interfere at the slits along G1, which is placed a Talbot length z 0 away. Image from Ref. [2] .
Despite modern manufacturing techniques that are used to produce micron-scale gratings that are up to about 100 microns thick, the absorption gratings are still not thick enough to absorb hard x-rays above a few tens of keV. Recently, this problem has been solved by tilting the gratings to a glancing angle such that they are no longer normal to the optical axis, as shown in Fig. 4 [3] . In this geometry, the effective thickness of the absorption gratings is increased enough that the diagnostic can then be used in the hard x-ray range up to around 100 keV.
One major advantage of using a Talbot-Lau system as a density diagnostic is that it provides three distinct measurements in one instrument [4] . In addition to measuring angular deflection resulting from changes in the index of refraction, the attenuation can also be measured. While the index of refraction is dependent on the electron density of the object being measured, attenuation varies depending on the object's composition. Using both density measurements, some inference can then be made to the effective nuclear charge Z eff of a mixed material. In addition to both of these measurements, small angle scattering of x-rays in the material, due to micron-scale density gradients, can be inferred by reduced fringe contrast when an object is measured as compared to a reference measurement without any objects. The effects of each measurement on the raw detected fringe pattern are shown in Fig. 5 .
X -ray tube
Detector ~ 10-30° G0 G1 G2 Figure 4 . A depiction of a Talbot-Lau moiré deflectometer in which the gratings have been tilted into a glancing angle configuration, effectively increasing the thickness of the gratings for higher-energy deflectometry.
IV. DYNAMIC RADIOGRAPHY AND DEFLECTOMETRY FOR DARHT
Density profile measurements of converter target evolution will be performed in a new diagnostic station near the end of the DARHT Axis I beam line; conceptual diagrams of the station in place are shown in Fig. 6 .
Targets will be fed through a port at the top of the station, while the x-ray source and detector will be installed at ports perpendicular to the beam line and opposite to each other. Before a Talbot-Lau moiré deflectometer is installed on DARHT, density profiles will be measured using standard x-ray radiography, using attenuation by a target material with a known solid density and mass attenuation coefficient to determine the density profile of the resulting WDM. This will be accomplished using a flash x-ray tube as an x-ray source.
One option under consideration is the 150 kV Pulserad flash x-ray system manufactured by L-3 Communications [5] . This system generates a < 70 ns pulse with a 3 mm spot size and delivers 40 mR at 20 cm. Placed opposite the x-ray tube will be an x-ray detector, most likely in the form of a scintillator and fast-gated microchannel plate inside the beam vacuum fiber-coupled to a shielded CCD camera away from the beam line. One possible arrangement is shown in Fig. 6(a) , with the image intensifier contained within a re-entrant port to place it as close as possible to the target, thus maximizing spatial resolution. Resolution of ~200 μm should be possible, with improved resolution if the source spot size can be reduced. Note that while the target itself will generate a large x-ray background during the beam pulse, the image intensifier will be triggered late enough after the pulse (t > 500 ns) to allow the scintillator output to decay to near zero. In the future, x-ray optics may be employed to spectrally filter the x-ray flux incident on the detector, thus reducing background and allowing for measurements closer in time to the beam pulse.
Simultaneous to these radiography experiments, the Talbot-Lau moiré deflectometer will be developed on the bench with continuous and flash x-ray sources. Once this system has been built and tested, and once the DARHT radiography system has been deployed and successfully measures WDM density profiles, the Talbot-Lau system will be moved to DARHT and installed using the same x-ray source and detector as the radiography system ( Fig.  6(b) ). Overall, the distance from source to detector will be on the order of 1 m, with the Talbot length chosen for 60 keV x-rays. 
V. SUMMARY
In summary, the evolution of warm dense matter generated when DARHT beam pulses strike x-ray converter targets is of great interest to radiographers who need to optimize target design for radiographic performance. Currently this is studied via simulation, with little experimental data to validate or constrain the Monte Carlo and hydrodynamic codes. To help solve this problem, the first fast x-ray Talbot-Lau moiré deflectometry diagnostic is under development to measure the evolving density gradient profile of the WDM. X-ray radiography will be used for initial density profile measurements on DARHT, using the same flash x-ray source and fast-gated detector that the final Talbot-Lau system will employ. Meanwhile, the deflectometer will be developed on the lab bench, then combined with the DARHT radiography system to form the final DARHT diagnostic. Additionally, this fast, table-top, x-ray phase contrast imaging diagnostic should have broad application across many areas of scientific research. Figure 6 . Sketches of proposed diagnostic setups (not to scale) for (a) radiography and (b) deflectometry, in which the detector or beam-splitter grating are placed in a reentrant port to place it as close to the object being measured as possible.
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